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ABSTRACT 


The  quantities  of  high-range  water-reducing  agent 
(superplasticizer)  adsorbed  from  their  aqueous  solutions  by 
Portland  cement,  tricalcium  silicate,  silica  fume,  wollastonite , 
and  calcium  silicate  hydrate  gel  were  determined  using  an 
ultraviolet  spectrophotometer.  The  two  superplasticizers 
(sulfonated  melamine  formaldehyde  and  sulfonated  naphthalene 
formaldehyde)  produced  generally  similar  results.  Wollastonite, 
a calcium  silicate  that  does  not  react  with  water,  produced  no 
measurable  adsorption  of  superplasticizer.  The  adsorption  of 
superplasticizer  by  tricalcium  silicate  was  similar  to  the 
adsorption  by  portland  cement.  From  these  results,  it  appears 
that  superplasticizer  is  not  adsorbed  by  anhydrous  silica  or 
anhydrous  calcium  silicate,  but  rather  by  calcium  silicate 
hydrate  gel.  Additional  studies  are  recommended  for  improving 
the  understanding  of  the  adsorption  of  superplasticizer  by 
Portland  cement. 
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1. 


INTRODUCTION 


One  of  the  key  options  in  modern  concrete  technology  is  the 
use  of  high  range  water-reducing  agents  (superplasticizers)  to 
achieve  very  low  water  contents  while  maintaining  necessary  flow 
behavior.  Superplasticizers  allow  reducing  water  contents  in 
concrete  by  as  much  as  30  percent  (p.  211,  ref.  [1]),  reductions 
essential  in  the  production  both  of  high-strength  concrete 
(utilizing  normal  techniques  for  mixing  and  placing)  and  ultra- 
high  strength  concrete. 

The  two  best-studied  superplasticizers  are  sulfonated 
melamine  formaldehyde  (SMF)  and  sulfonated  naphthalene 
formaldehyde  (SNF) . Each  is  an  organic  polymer;  their  chemical 
structures  are  shown  in  Fig.  1.  The  molecular  weight  of  SMF  is 
'30,000,  while  that  of  SNF  is  '500  to  2,500  (1]. 

Superplasticizers  are  dispersants,  acting  to  prevent 
flocculation  of  cement  particles  by  adsorbing  on  their  surface 
and  causing  the  particles  to  repel  each  other.  The  repulsion  is 
generally  thought  tisi  derive  from  electrostatic  forces,  though  it 
has  also  been  suggested  that  the  repulsion  is  due  in  part  to 
steric  interactions  (p.  197,  ref.  [2]).  Evidence  for 
electrostatic  repulsion  is  provided  by  zeta  potential  studies: 
adsorption  of  superplasticizer  from  aqueous  solution  by  cement, 
alite,  tricalcium  aluminate  (C3A1) , and  calcium  hydroxide  (CH) 
has  been  shown  to  cause  large  negative  zeta  potentials  [3-6]. 

The  dispersing  action  of  superplasticizer  does  not  always 
persist  until  the  cement  sets.  A high  proportion  of 
superplasticized  concrete  shows  slump  loss  (i.e.,  a decrease  in 
fluidity  prior  to  set) . This  slump  loss  may  be  appreciable  and 
make  the  concrete  unusable. 

Another  interesting  aspect  of  superplasticizers  is  their 
enhanced  effect  with  delayed  addition.  The  slump  is  generally 
higher  if  the  superplasticizer  is  added  to  concrete  a few  minutes 
after  first  mixing,  rather  than  adding  it  with  the  mixing  water. 

Both  slump  loss  and  delayed  addition  are  generally 
attributed  to  adsorption  by,  or  reaction  with,  calcium  aluminate 
sulfate  hydrate  (p.  219,  ref.  [1])  that  forms  during  the  initial 
hydration  period.  Therefore,  laboratory  studies  have  tended  to 
focus  on  adsorption  of  superplasticizers  by  C3A.  From  studies 
relating  superplasticizer  dosage  to  cement  type,  and  from 


Certain  chemical  abbreviations,  common  in  the  cement  literature, 
are  used:  C for  CaO,  S for  Si02,  A for  A1203,  H for  H20. 
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Figure  1.  Chemical  structure  of  sulfonated  melamine  formaldehyde 
(a)  and  sulfonated  naphthalene  formaldehyde  (b)  (p. 

212 , ref.  [ 1] ) . 
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adsorption  and  zeta  potential  studies  with  individual  cement 
phases,  Ramachandran  and  Malhotra  (p.  220,  ref.  [1])  concluded 
that  adsorption  is  largely  dependent  on  the  C3A  content  of 
Portland  cement. 

However,  previous  studies  at  the  National  Institute  of 
Standards  and  Technology  (NIST)  emphasized  the  importance  of 
adsorption  by  calcium  silicate  hydrate  (C-S-H)  gel.  These 
studies  were  carried  out  by  S.  Diamond  to  determine  the 
interactions  between  SNF  and  Portland  cement  or  cement  plus 
silica  fume  [7].  A method  was  developed  to  determine  the  amount 
of  SNF  remaining  in  solution,  and  therefore  the  amount  adsorbed. 
It  was  found  that  at  high  dosage  levels  a substantial 
concentration  of  SNF  was  maintained  in  solution  for  several 
hours.  It  was  further  shown  that  the  addition  of  silica  fume  to 
cement  significantly  increased  the  superplasticizer  adsorption. 
However,  silica  fume  by  itself  caused  only  slight  adsorption, 
even  using  a highly  alkaline  solution  to  simulate  the  solution  in 
the  presence  of  portland  cement.  The  increased  adsorption  cement 
mixed  with  silica  fume  was  attributed  to  an  unspecified 
interaction  between  hydrating  cement  and  silica  fume.  A possible 
explanation  for  this  effect  is  that  superplasticizer  is  adsorbed 
on  C-S-H  that  has  nucleated  on  the  silica  fume  surface. 

Because  it  is  widely  believed  that  adsorption  of 
superplasticizer  occurs  mainly  on  calcium  aluminate  phases,  we 
set  out  in  the  present  study,  carried  out  while  the  first-named 
author  was  on  sabbatical  at  NIST,  to  determine  to  what  extent 
superplasticizer  is  adsorbed  on  C-S-H  gel.  We  also  set  out  to 
determine  whether  superplasticizer  is  adsorbed  on  the  anhydrous 
calcium  silicate  surface  or  on  C-S-H  gel  as  it  forms  during 
hydration.  The  only  published  study  we  found  concerning  this 
question  was  a paper  by  Costa  et  al.  [6],  who  concluded  that 
adsorption  of  superplasticizer  on  C3S  takes  place  on  a layer  of 
gel-like  hydration  product;  their  study  was  carried  out  in  very 
dilute  suspensions  of  C3S,  and  we  thought  it  necessary  to 
consider  systems  at  the  higher  concentrations  typical  of  portland 
cement  concrete.  Results  from  the  present  study  will  eventually 
be  incorporated  into  models  describing  the  rheological  behavior 
of  cement-water  suspensions,  including  the  role  of  dispersants. 


2.  EXPERIMENTAL  APPROACH 
2.1  Materials 

Superplasticizer  adsorption  was  measured  on  aqueous 
suspensions  of  several  materials:  portland  cement,  tricalcium 
silicate  (C3S) , silica  fume,  wollastonite,  and  calcium  silicate 
hydrate  gel  (C-S-H) . 
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The  cement  and  silica  fume  were  the  same  materials  used  by 
Diamond  and  Struble  [7].  The  cement  was  an  ordinary  ASTM  Type  I 
Portland  cement.  Silica  fume  consists  of  submicrometer  spheres 
of  glassy  silica,  which  does  not  itself  react  with  water,  but 
reacts  with  CH  in  water  to  form  C-S-H  gel.  The  silica  fume  was 
found  to  consist  largely  of  particles  in  the  0.2  /u m to  0.4  jum 
range . 

Tricalcium  silicate  (C3S) , the  principal  constituent  of 
Portland  cement,  reacts  with  water  to  form  C-S-H  and  CH.  For 
this  study,  a monoclinic,  laboratory-synthesized  C3S* 2  with  a 
specific  surface  area  (Blaine)  of  0.19  m2/g  was  used. 

Wollastonite,  monocalcium  silicate  (CS) , is  a naturally 
occurring  calcium  silicate  that  does  not  react  with  water.  For 
this  study,  wollastonite3  was  ground  in  a ring-and-puck  mill  then 
jet-milled  to  produce  a high  surface  area  to  increase  the 
potential  adsorption. 

The  C-S-H  was  synthesized  from  a mixture  of  CH,  silica,  and 
water  in  a molar  ratio  of  1.5:1. 0:0. 6.  Reagent-grade  calcium 
hydroxide  and  distilled  and  deionized  water  were  used.  The 
silica4  was  in  the  form  of  2 /m  particles,  with  a nominal  purity 
of  99  percent  and  a specific  surface  area  of  225  m2/g.  The 
mixture  was  ground  for  5 days  using  an  alumina  ball  mill 
maintained  in  a nitrogen  atmosphere.  It  was  then  dried  in  a 
vacuum  oven  for  16  hrs  at  50 °C.  It  was  examined  using  X-ray 
diffraction;  its  diffraction  pattern  (Fig.  2)  matched  closely  the 
pattern  for  tobermorite5.  The  pattern  shows  no  evidence  of 
carbonate  formation.  On  examination  using  a scanning  electron 
microscope  (SEM)  (Fig.  3) , most  particles  were  seen  to  be 
rounded,  approximately  1 p to  2 jum  in  diameter,  with  a slightly 
foiled  surface  texture. 


designated  B-400,  obtained  from  the  Construction  Technologies 

Laboratories,  Skokie  IL. 

30btained  from  Wards  Natural  Science  Establishment,  Rochester  NY. 
This  and  other  trade  names  and  company  products  are  identified 
throughout  this  report  to  specify  adequately  the  experimental 
procedures.  In  no  case  does  such  identification  imply 
recommendation  or  endorsement  by  NIST,  nor  does  it  imply  that  the 
products  are  necessarily  the  best  available  for  the  purpose. 

4Sylox  2,  obtained  from  W.R.  Grace,  Chemical  Division,  Baltimore 
MD. 


5Pattern  19-1364  in  the  Powder  Diffraction  File  of  the  Joint 
Committee  on  Powder  Diffraction  Standards. 
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Figure  2.  X-ray  diffraction  pattern  of  synthesized  C S H (top) 

with  JCPDS  data  for  tobermorite  (19-1364)  (bottom)  for 
comparison;  the  abscissa  scale  is  ° (26)  using  Cu  Ka 
radiation . 
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Figure  3.  Scanning  electron  micrograph  of  synthesized  C-S-H. 
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The  surface  area  of  each  solid  phase  was  measured  using  a 
single-point  BET  (nitrogen  adsorption)  apparatus.  The  results 
are  presented  in  Table  1. 

Both  superplasticizers  were  used  in  previous  studies  in  our 
laboratory.  The  SNF6  was  used  by  Diamond  and  Struble  [7],  and 
the  SMF7  was  used  by  Brown  [8]. 


2 . 2 Procedures 

The  pastes  were  mixed  using  a water-to-solid  ratio  of  0.5  by 
mass.  Superplasticizer  was  dissolved  in  the  water  prior  to 
mixing,  using  an  amount  equal  to  2 percent  by  mass  of  the  solid 
phase  (same  as  the  highest  dosage  of  superplasticizer  described 
by  Diamond  and  Struble  [7]).  In  general,  200  g solids  and  100  ml 
aqueous  solution  of  superplasticizer  were  mixed.  Mixing  was 
carried  out  by  hand.  The  suspensions  were  allowed  to  hydrate  for 
a specified  period  of  time,  then  filtered  using  pressurized 
nitrogen  gas  at  140  KPa  (20  psi)  and  membrane  filters  with  a 
nominal  channel  diameter  of  0.45  jum. 

The  concentrations  of  superplasticizer  in  solution  were 
measured  using  a Perkin-Elmer  552  Ultraviolet  (UV) -Visible 
Spectrophotometer.  Before  analysis,  1 ml  of  each  filtrate  was 
diluted  1:1000  using  distilled  water.  During  the  dilution 
procedure,  5 ml  of  0.1  M HC1  (reagent  grade)  was  added  to  prevent 
any  possible  precipitation  (none  was  observed) . 

For  SNF,  the  absorption  peak  at  290  nm  was  used.  As 
discussed  by  Diamond  and  Struble  [7],  the  weak  absorption  peak  at 
290  nm  has  an  advantage  over  the  much  more  intense  peak  at  228  nm 
for  determining  SNF  in  solution.  Using  the  more  intense  peak  at 
228  nm  requires  correcting  the  intensity  for  the  proportion  of 
residual  monomer  in  each  solution  analyzed.  The  weaker  peak  at 
290  nm  exhibits  the  same  extinction  coefficient  for  all 
naphthalene  sulfonate  species,  so  no  correction  is  necessary.  In 
the  present  study,  a new  calibration  curve  for  SNF  solutions  of 
varying  concentrations  was  obtained,  and  an  extinction 
coefficient  value  of  2.18  1/g-cm  calculated.  This  compares  well 
with  the  value  of  2.26  reported  by  Diamond  and  Struble  [7]  and 
the  value  of  2.08  reported  by  Burk  et  al.  [9].  Below  SNF 
concentrations  of  "12  mg/1,  the  wavelength  of  maximum  absorption 
in  the  290  nm  region  did  increase  slightly.  This  effect  is  shown 
in  Fig.  4. 


60btained  from  Dr.  James  Gaidis,  W.R.  Grace  & Co.,  Columbia  MD. 

7Melment,  F10,  SKW  Chemical  Inc.,  Marietta  GA. 
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Table  1 

Surface  Area  Measurements3 


Material 


Specific  Surface  Area 

(m2/g) 


Portland  cement  1.3 

C3S  0.72 

wollastonite  0.3 

silica  fume  18.6 

C-S-H  79.1 


aMeasured  using  a single-point  BET  (nitrogen  adsorption) 
apparatus.  Each  value  is  the  average  of  3 determinations. 
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Concentration  (mg/1) 


Figure  4.  Wavelength  of  maximum  UV  absorption  versus 

concentration  in  aqueous  solution  for  sulfonated 
naphthalene  formaldehyde. 
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For  SMF , the  wavelength  of  maximum  absorption  was  found  to 
be  217  nm.  This  wavelength  did  not  vary  with  concentration 
(Fig.  5)  . 


3 . RESULTS  AND  DISCUSSION 

Figures  6 and  7 show  adsorption  by  portland  cement,  at  a 
water-to-cement  ratio  0.5,  with  2 percent  SNF  by  mass  of  cement. 
The  results  are  presented  in  the  form  of  the  amount  of 
superplasticizer  adsorbed  on  the  solid  material  versus  hydration 
time  (Fig.  6) , or  in  the  form  of  concentration  of 
superplasticizer  remaining  in  solution  versus  hydration  time 
(Fig.  7)  . 

Appreciable  adsorption  of  the  superplasticizer  occurred  by 
the  first  measurement  (5  min)  and  the  rate  of  adsorption  appears 
to  be  most  rapid  during  the  initial  period.  The  rate  of 
adsorption  decreased  to  zero  by  "40  min  hydration  time,  and  the 
level  of  adsorption  remained  constant  at  10.4  mg/g  cement  during 
the  remainder  of  the  experiment  ('4  hr).  The  SNF  in  solution 
decreased  from  its  initial  concentration  of  40  g/1  to  a level  of 
19  g/1  after  40  min  (Fig.  7) . 

Results  from  the  previous  study  [7]  are  also  included  in 
Figs.  6 and  7.  Results  from  the  two  studies  agree  well,  though 
not  quite  precisely. 

The  adsorption  of  SMF  on  cement-water  suspensions  (Fig.  8) 
followed  a similar  pattern,  though  the  adsorption  of  SMF  did  not 
level  off  as  quickly  as  did  the  adsorption  of  SNF.  Adsorption  of 
SMF  appeared  to  level  off  by  ~2  hr  (compared  to  '40  min  for  SNF) , 
at  which  time  the  amount  of  adsorbed  SMF  was  9.4  mg  per  g cement. 
The  adsorption  of  SMF  on  cement  plus  silica  fume  (Fig.  8)  was  9.7 
mg  per  g solid,  slightly  higher  than  the  adsorption  of  SMF  on 
cement . 

The  effect  of  silica  fume  on  adsorption  of  SMF  was  similar, 
though  lower  in  magnitude,  to  the  effect  of  silica  fume  on 
adsorption  of  SNF  reported  previously  [7].  In  the  previous 
study,  addition  of  silica  fume  increased  the  amount  of  SNF 
adsorbed  from  10  mg  per  g cement  to  13  mg  per  g cement  plus 
silica  fume,  a 30  percent  increase.  In  the  present  study, 
addition  of  silica  fume  increased  the  amount  of  SMF  adsorbed  from 
9.4  mg  per  g cement  to  9.7  mg  per  g cement  plus  silica  fume,  only 
a 3 percent  increase.  This  difference  appears  to  reflect 
differences  between  SNF  and  SMF. 

The  adsorption  of  SMF  in  C3S-water  suspensions  (Fig.  8)  was 
only  slightly  lower  than  adsorption  in  cement-water  suspensions, 
and  the  pattern  of  adsorption  was  quite  similar.  The  level  of 
adsorption  at  2 hours  was  9.2  mg  per  g C3S. 
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Figure  5.  Wavelength  of  maximum  UV  absorption  versus 

concentration  in  aqueous  solution  for  sulfonated 
melamine  formaldehyde. 
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Hydration  Time  (minutes) 


Figure  6.  Adsorption  of  sulfonated  naphthalene  formaldehyde  in 
Portland  cement -water  suspensions,  water-to-cement 
ratio  0.5  by  mass,  2 percent  sulfonated  naphthalene 
formaldehyde  by  mass  of  cement,  comparing  data  from  the 
previous  study  [7]  (labeled  SD  & LS)  and  from  the 
present  study  (labeled  DRR) . 
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SNF  cone,  (g/1)  remaining  in  solution 


Figure  7 . Concentration  of  sulfonated  naphthalene  formaldehyde 

remaining  in  aqueous  solution  in  Portland  cement-water 
suspensions,  from  adsorption  data  in  Fig.  6. 


13 


Absorption  (mg/g) 


Hydration  Time  (minutes) 


Figure  8.  Adsorption  of  sulfonated  melamine  formaldehyde  in 

various  aqueous  suspensions,  water-to-solids  ratio  0.5 
by  mass,  2 percent  sulfonated  melamine  formaldehyde  by 
mass  of  solid. 


14 


No  uptake  of  either  SNF  or  SMF  by  CS  or  CS  plus  silica  fume 
was  detected  at  ages  up  to  7 hr.  The  limits  of  detection  of  the 
spectrophotometer  are  conservatively  estimated  to  be  0.4  mg/1  for 
SNF  and  0.1  mg/1  for  SMF,  corresponding  to  an  adsorption  on  the 
CS  solids  of  less  than  0.05  mg  per  g solid.  This  is  negligible 
compared  to  the  adsorption  levels  in  Figs.  6 and  8. 

Adsorption  of  SNF  on  synthesized  C-S-H  is  plotted  in  Fig.  9. 
In  this  case,  a water-to-solids  ratio  of  1.5  was  required  to 
provide  a workable  mixture.  The  level  of  adsorption  was  very 
high,  37  mg  per  g solid,  and  did  not  change  throughout  the  4 -hr 
period. 

The  levels  of  superplasticizer  adsorbed  may  be  estimated 
relative  to  the  surface  area  using  the  measured  specific  surface 
areas  listed  in  Table  1.  With  portland  cement,  adsorption  of  SNF 
was  7.7  mg  per  m2  cement  and  adsorption  of  SMF  was  7 . 1 mg  per  m2 
cement.  With  cement  plus  silica  fume,  adsorption  of  SMF  was  3.2 
mg  per  m2  solid.  The  previously  reported  [7]  adsorption  levels 
on  cement  plus  silica  fume  are  equivalent  to  4.3  mg  SNF  per  m2 
solid.  The  adsorption  of  SMF  by  C3S  was  12.5  mg  per  m2  C3S, 
higher  than  the  adsorption  of  SMF  cement  (7.1  mg  per  m2  of 
cement).  However,  the  adsorption  of  SNF  by  C-S-H  was  0.5  mg  per 
m2  solid,  very  much  lower  than  the  adsorption  of  SNF  by  either 
C3S  or  cement. 

These  results  may  be  explored  further  to  determine  whether 
adsorption  by  C3S  is  taking  place  on  the  anhydrous  surface  or  on 
a layer  of  C-S-H.  No  adsorption  of  superplasticizer  occurred  on 
CS  or  silica  fume  (each  nonreactive  to  water)  suggesting  that 
formation  of  C-S-H  is  necessary  for  adsorption.  Furthermore,  as 
noted  above,  the  adsorption  per  unit  surface  by  C-S-H  was  much 
lower  than  the  adsorption  by  C3S.  This  difference  in  adsorption 
may  occur  because  little  of  the  internal  surface  of  C-S-H 
participates  in  the  adsorption.  If  that  is  a correct 
explanation,  then  the  adsorption  by  C-S-H  would  take  place  only 
on  the  surface  of  the  large  (1.5  jum)  particles  observed  in  the 
SEM  micrograph  (Fig.  3) . In  that  case,  the  surface  available  for 
adsorption  would  be  roughly  the  outer  surface  of  1.5  /m 
particles,  with  a surface  of  7.07  (Mm)2  and  a volume  of  1.18 
(Mm)3;  using  a density  of  2.60  g/cm3  for  C3S  [11],  this  is 
equivalent  to  a surface  area  of  2.3  0 m2/g.  Based  on  this 
estimated  surface  area,  the  measured  adsorption  by  C-S-H 
(37  mg/g)  is  16  mg/m2,  not  very  different  from  the  adsorption  by 
C3S  of  12.5  mg/m2.  Thus  it  appears  reasonable  that  what  appears 
to  adsorption  by  C3S  or  cement  is  actually  adsorption  by  the 
outer  surface  of  a layer  of  C-S-H  on  the  C3S.  A similar 
conclusion  was  drawn  by  Costa  et  al.  [6]  from  studies  of  the 
adsorption  of  superplasticizer  on  C3S  using  a nonaqueous  solvent. 


15 


Hydration  Time  (minutes) 


Figure  9.  Adsorption  of  sulfonated  naphthalene  formaldehyde  in 

C-S-H  suspension,  water-to-solids  ratio  1.5  by  mass,  2 
percent  sulfonated  naphthalene  formaldehyde  by  mass  of 
solid. 


16 


There  is  one  remaining  discrepancy  in  our  experimental 
results.  If  the  silica  fume  provides  nucleation  sites  for  C-S-H 
and  silica  fume  coated  with  C-S-H  adsorbs  superplasticizer,  one 
would  expect  a similar  adsorption  level,  relative  to  surface 
area,  between  cement  and  cement  plus  silica  fume.  However,  as 
noted  above,  on  this  basis  the  adsorption  by  cement  was  roughly 
half  the  adsorption  by  cement  plus  silica  fume.  It  appears  that 
the  silica  fume  is  covered  with  C-S-H  to  a much  lesser  extent 
than  the  cement  grains  during  this  time  period. 


4 . CONCLUSIONS 

Based  on  the  study  described,  the  following  conclusions  have 
been  drawn: 

1.  In  a cement-water  suspension,  the  addition  of  silica 
fume  enhances  adsorption  of  SMF,  though  not  to  the  extent 
observed  previously  for  SNF. 

2.  No  measurable  adsorption  of  superplasticizer  from 
aqueous  solution  occurs  on  wollastonite . 

3.  The  adsorption  of  superplasticizer  was  nearly  as  great 
on  C3S  as  on  cement  when  based  on  mass,  and  greater  on  C3S 
than  on  cement  when  based  on  surface  area. 

4.  There  was  considerable  adsorption  of  SNF  on  C-S-H;  based 
on  mass,  the  uptake  of  SNF  on  C-S-H  was  much  greater  than 
its  adsorption  on  cement. 

5.  It  appears  that  superplasticizer  is  not  significantly 
adsorbed  on  the  surface  of  anhydrous  silica  or  anhydrous 
calcium  silicates,  but  is  adsorbed  substantially  by  C-S-H 
gel.  Adsorption  by  a layer  of  C-S-H  gel  on  the  surface  of 
grains  may  account  for  most  or  all  of  the  adsorption  on 
cement . 


5.  RECOMMENDED  FUTURE  WORK 

Based  on  this  work,  additional  studies  are  recommended  to 
improve  our  understanding  of  the  adsorption  of  superplasticizer 
by  Portland  cement: 

1.  To  better  understand  the  processes  by  which 
superplasticizer  is  adsorbed  by  cement  from  aqueous  solution 
and  to  model  these  processes,  the  adsorption  studies  should 
be  extended  to  other  cements,  especially  to  cements  with  a 
range  of  C3A  contents. 


17 


2.  For  more  definitive  conclusions  regarding  the  role  of 
C-S-H  gel  on  the  surface  of  cement  grains  in 
superplasticizer  adsorption,  adsorption  studies  should  be 
combined  with  ESCA  studies  to  determine  chemical  composition 
of  the  grain  surfaces.  Similarly,  the  adsorption  should  be 
related  to  the  degree  of  hydration  using  isothermal 
calorimetry. 

3 . Adsorption  isotherms  should  be  measured  in  order  to 
estimate  the  proportion  of  surface  area  covered  by  adsorbed 
superplasticizer  and  thereby  better  model  the  adsorption 
process. 
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